ABSTRACT: Aedes albopictus is an important vector of several diseases including dengue-and Chikungunya fever and is a potential vector of Zika-fever. The invasion dynamics of Aedes albopictus was reconsidered by comparing the temperature-related development of the mosquito with the observed real geographical distribution in Florida and in Italy. The potential number of generations and the annual dispersal distances of the mosquito were calculated for the estimates. The estimated total dispersals are 3.6-4.6 km/year/generation in Italy and 4.6-5.3 km/year/generation in Florida, values that are at least five to six times higher than those derived from release and recapture studies and from the previously measured flying distances of female Asian tiger mosquitoes. Subtracting the calculated dispersal distances with the known active dispersal of female Ae. albopictus, the passive dispersal component of the total dispersal distances was found to be 2.8-4.1 km/year/generation in Italy and 3.8-4.8 km/year/generation in Florida. Our results confirm that the active dispersal of female mosquitoes plays a secondary role in determining the rate of areal expansion and, in contrast, passive factors may play a primary role. It was concluded, based on similar average values of the passive dispersal distances of the mosquito in Florida and Italy, that at large spatial scales the anthropogenic component can be well estimated. Journal of Vector Ecology 42 (2): 233-242. 2017.
INTRODUCTION
The mosquito Aedes (Stegomyia) albopictus (Skuse 1894) is indigenous to the Hindustan Peninsula, to Southeast Asia, and to the islands of the western Pacific and Indian Ocean. Aedes albopictus is considered as the primary vector in the transmission of several viral pathogens and filarial nematodes (Knudse et al. 1996 , Hochedez et al. 2006 , Cancrini et al. 2003 . It has also been confirmed that Ae. albopictus is one of the potential vectors of Zika virus (Grard et al. 2014 , Wong et al. 2013 .
The adult is the natural dispersive phase of the mosquito life cycle. Thorpe (1951) and Provost (1952) , characterizing insect flights, described two main categories: appetential and nonappetential flight. Service (1997) distinguished the active and passive dispersal of mosquitoes. He referred to the appetential flight as active dispersal because such flights are self-propelled and self-steered. Characteristically, it is a non-unidirectional dispersal. Active flight serves the purpose of egg-laying, feeding or sheltering. It is a characteristic nature of active flight that usually involves only short distances, such as a few hundred meters. In contrast, non-appetential flight, or passive dispersal, is usually over a few kilometers to larger distances, has unidirectional character, and is usually assisted by environmental factors. Human-mediated transports also belong to the passive transport category, and Service (1997) concluded that mosquito migration is often included. In the last few decades, the dispersion of mosquitoes has confirmed this hypothesis (Kampen et al. 2013 , Šebesta et al. 2012 , Scholte and Schaffner 2007 , Aranda et al. 2006 .
The Asian tiger mosquito was introduced to the Americas and Europe in the 1980s (Gratz 2004) . A rapid dispersal of Ae. albopictus was observed during the past few decades with a northward expansion of the species and its hosted human parasites in the Mediterranean (Caminade et al. 2012 , Benedict et al. 2007 , Scholte and Schaffner 2007 , Schaffner and Karch 2000 , Knudse et al. 1996 . The first Italian observations of Ae. albopictus were reported from Genoa and Padova in 1990 and 1991 (Sabatini et al. 1990, Dalla Pozza and Majori 1992) . Romi et al. (2006) observed its very rapid acclimation to colder environments only eight years after its establishment in Italy. At present, the species is widely distributed in the Mediterranean region (Klobučar et al. 2006 , Benedict et al. 2007 , Scholte and Schaffner 2007 , Aranda et al. 2006 , Dalla Pozza and Majori 2006 . Some introduced occurrences were observed in the northern countries of Europe (Bocková et al. 2013 , Schaffner et al. 2004 , Šebesta et al. 2012 , Pluskota et al. 2008 , though in the Netherlands it was observed only in greenhouses. Additional areas of the Holarctic region are predicted to become colonized in the 21 st century (Proestos et al. 2015 , Fischer et al. 2011 . The colonization of Ae. albopictus in the U.S.A. was also rapid (Moore and Mitchell 1997, O'Meara et al. 1995) .
The goal of this paper was: 1) to estimate the total and passive dispersal per generation of Ae. albopictus based on the temperature-derived ontogeny rate of the species and climate of the regions. Florida and Italy (the Apennine Peninsula and Sicily) were involved in the study because of the recently observed invasions of the mosquito and the geographical similarities between the two peninsulas. 2) It was hypothesized that, based on the known active dispersal of the mosquito and the observed total dispersal distances, the average value of the passive dispersal component can be distinguished from the active dispersal capacity of the species.
MATERIALS AND METHODS
The method we employed was based on the hypothesis that under different climate conditions there is a different speed in the dispersal of Ae. albopictus, offering an opportunity for projections onto large scales. In this study, mean monthly temperature was regarded as the explaining variable of the potential monthly generation number of the Asian tiger mosquito, although the time between emergence and the oviposition of female mosquitoes was also included in the calculations.
Modeling steps included:
1) The temperature-based ontogeny equation of the mosquito (based on two independent authors), the climate zonation of the studied countries, the monthly mean temperature data of the reference cities of the climatic zones, and the spatial colonization data of the mosquito were obtained from different databases.
2) Monthly mean temperature was considered the most important determinant of the monthly potential generation number of Ae. albopictus. The monthly mean temperature values of the reference cities were matched to the climate zones of the two countries. Temperature values were interpolated between the reference cities where it was necessary.
3) According to the monthly mean temperature values, the potential monthly mean generations were calculated based on the development rates of the immature mosquitoes at specific temperatures. Counties/provinces were classified based on the extant climate zones. The minimum time between the emergence from pupae of female mosquitoes to the oviposition was added to the life cycle model.
4) The dispersal distance per generation was calculated based on the distance between established county/province colonization sites and the correspondent potential number of generations. Spatial distances were calculated between the geographical centers of the neighboring administrative counties/ provinces.
Mosquito distribution and climate data processing
The expansions of Ae. albopictus in Florida and Italy were based on the mapped data of Medlock et al. (2012) , Moore and Mitchell (1997) , O'Meara et al. (1995) , Scholte and Schaffner (2007) , and the VBORNET database in county/province resolution. After the identification of the provinces/counties, these data were transformed into raster files. Depending on the sources, the temporal resolutions of the expansion were heterogeneous: for Florida, six maps were available, each covering a two-year period, while for Italy, four maps served as the basis of analyses, and each covered a three-year period. Due to the data heterogeneity, the expansion in time was approximated by different (Boltzmann or polynomial) equations in the descriptive analyses. Since the time frames of the distribution maps were different in Italy and Florida, the dispersal values were normalized to annual and then to generic values.
USDA zonation (USDA Agricultural Research Service 2016), a widely-accepted and well-adaptable climate system, was applied in this study. An advantage of this climate zonation system is that it can be related to other biozonation systems, since winter minimum values are the major limiting factors of the distribution of many cold-sensitive organisms, including subtropical mosquitoes. The area of Florida was divided into seven zones based on the existing main five USDA subzones (8b to 10b) between the latitude of Jacksonville (Duval County) and Miami (Miami-Dade County), since 8a and 11a subzones together cover only a negligible area of the state ( Figure 1A1 ). The Apennine Peninsula belongs to the hardiness zones 5 to 10, but the lowland areas and the coastal regions of Italy belong to zones 8 to 10. The classification of the provinces was also performed according to the USDA zone climate classification ( Figure 1B1 ).
The monthly mean of daily ambient air temperature data according to the center coordinates of Milan, Rome, and Syracuse was obtained from the E-OBS gridded dataset (E-OBS 2014) with 0.25° grid resolution. Corresponding data of the Florida cities (Jacksonville, Daytona Beach, Naples, and Orlando) were based on the data of the Florida Climate Center ( 
Calculation of the generic dispersal distances
Our basic idea was that the minimum dispersal per generation can be calculated as the quotient of the mean of the maximum annual number of the potential generations per the travelled distance during a year between two adjacent areas (counties/provinces). 'Generation time' was considered as the time lasting from an oviposition of a female mosquito generation to the oviposition act of the next female mosquito generation. This time includes at least six main time factors: 1) the minimum time requirement of egg-1 st instar, 2) the minimum cumulative time requirement of the 1 st instar to the 4 th instar, 3) the time requirement of the pupa-adult metamorphosis, 4) the minimum time between the emergence of females from pupae to insemination, 5) the minimum time of host seeking activity for a blood meal, and 6) the time of blood digestion and ovarian development lasting to oviposition:
where SGt is the total minimum time between the generations (between an oviposition and the oviposition act of the next generation's female), t egg-1st is the minimum cumulative time of the egg-1 st instar, t 1st -4th is the minimum cumulative time of the 1 st instar to the 4 th instar, t p-a is the mean cumulative time of the pupal-adult transition, t em-in is the minimum time between the emergence of females from pupae to adult insemination, t in-bm the minimum time of host-seeking activity for a blood meal, and t bm-op the time of blood digestion and ovarian development until oviposition.
According to topographical differences, the calculation of the spatial dispersal distance was based on the county or province level. Since only the county (in the U.S.A.) or province (in Italy) spatial occurrence data were available, the distance between the quasigeometrical center of the nearest counties or provinces was used for adjacent periods to calculate the spatial dispersal. The geometrical center of the southeast colonized county was selected in the n th period of the colonization and the geometrical center of the southeast colonized county of the (n+1) th period of the colonization between the nearest counties/provinces. The 'n' means the year of invasion from the start of the expansion of Ae. albopictus in Florida or in Italy (where the first year is n=1). The most likely, nearest colonization cases, meaning the area expansion of Ae. albopictus from the most adjacent county/ province to another one, were considered in the study: 37 were involved for Florida and 31 for Italy.
If the colonization occurred between two different climatic zones, the average of the monthly temperature values was used in the calculation of the generation number:
where: DisD n is the spatial dispersal distance of the n th sampled colonization case, D is the travelled distance/year, and G n is the mean of the annual generation number between the two areas.
Calculation of annual generation numbers
To estimate the temperature-based immature aquatic stage developmental time of Ae. albopictus we used the observations of Calado and Silva (2002) and Delatte et al. (2009) who experimentally established the development time of the species for each stage at constant temperatures (15° to 35° C in the study by Delatte et al. 2009 ). An exponential regression model was fit to the mean monthly temperature period of developmental pairs to gain correlations between temperature and the average time of the steps of development according to the minimum time of the egg to 1 st instar metamorphosis, the minimum cumulative time of the 1 st instar to the 4 th instar and the mean time of the pupal-adult metamorphosis under different temperature conditions. The basic equations are presented in Figure 2 according to the results of 
The time between emergence and oviposition
The next generation of mosquitoes does not begin immediately after females of a preceding generation have emerged. For Ae. taeniorhynchus Wiedemann (1821) most females were 30-40 h old before being inseminated (Edman et al. 1972) . Multiple inseminations were observed in Ae. aegypti in semi-field conditions within 48 h (Helinski et al. 2012 ). We calculated a 1.5-day minimum time between emergence and the insemination of female Ae. albopictus, which can be an acceptable estimate of the minimum time requirement of this part of the life cycle of Aedes species. Del Rosario (1963) and Mori and Wada (1977) described that under natural conditions, two to three days after being inseminated, Ae. albopictus females seek a host to bloodfeed. Based on their results, two days were considered to be the minimum time of host-seeking after insemination. Lima-Cara et al. (2014 found that three days after a blood meal, Ae. albopictus females are considered gravid and ready to oviposit. Summarizing the above described observations, we estimated a total minimum time requirement from emergence to oviposition by Ae. albopictus females of about 5.5 days.
Dividing the average of the length of the months by the time of the full metamorphosis at a given mean monthly ambient temperature and the time between the emergence of female mosquitoes to the next oviposition, the theoretical number of the generations per months can be derived. The total maximum theoretical number of the annual generations in an area can be calculated by the summarizing of the theoretical generation number of the months.
Calculation of the passive dispersal distance component
Release and recapture studies concluded that the maximum flying distance of Ae. albopictus females from the site of the release is about 500-800 m (Rosen et al. 1976 , Niebylski and Craig 1994 , Honório et al. 2003 . These results do not consider the effect of winds or anthropogenic transport (passive dispersal components) and therefore provide the maximum active dispersal distance of the mosquito. This makes it possible to estimate the average passive component of the dispersal of Ae. albopictus per generation.
Based on the calculation of the total annual generation number and the observed distance of the spread of the Asian tiger mosquito between adjacent areas, the total dispersal distance of the species was calculated. The anthropogenic passive dispersal distance component was calculated as the difference between the total dispersal and the active dispersal distance of the species.
Statistics and software
Microsoft Excel 10.0 was used to fit exponential regression of the development time to temperature data of Calado and Silva (2002) . The Boltzmann regression of the phenological model was 
Temperature ºC
made by the Kaleidagraph 4.5 software. Q-Q plot was generated to compare the dispersal data to the normal (Gaussian) distribution of the dispersal distance data. The climatic maps were re-plotted by ArcGis 10.1 software.
RESULTS

Comparison of the colonization characteristics in the countries
According to the linear model, the slope of the fitted curve on the areal expansion compared to the total expandable area was 2.17 times higher in Florida than in Italy. As to the absolute colonized area (in km 2 ), the slope of the fitted curve on the areal expansion was 1.47 times higher in Florida than in Italy, up to 90% of the expandable area. The increment of the colonized area in Florida showed a characteristic logistic growth pattern, the most important limiting factor being the available space. Essentially, the area of all the counties in Florida was colonized in less than eight years. According to the fitted Boltzmann-distribution model on the areal expansion of the mosquito, the start of the colonization approximately coincided with the first observations in Florida (Figure 3) .
In Italy, the growth of the inhabited territories was much more prolonged and the fitted polynomial model showed that the colonization of Italy might have happened about five years prior to the first observations and it might have taken at least 20 more years, although the model predicts that growth is limited to 91% for the country since about 9% of the area of Italy, mainly the Alpine regions, are not suitable for the colonization of the Asian tiger mosquito (Figure 3 ).
Florida
The observed vector of the invasion route was almost north to south in Florida ( Figure 4A ). Colonization of Ae. albopictus in Florida emanated from one or two foci in the northeast part of the state, which corresponds to an approximately unifocal starting area in view of the linear expansion model (Figure 3) . The colonization speed reached its maximum by the third year of the total of the six-year period ( Figure 4B ) and the mosquito inhabited all of Florida from its northernmost part to the southernmost part of the eastern coast of Nassau and Jacksonville to the southernmost Monroe and Miami-Dade counties ( Figure 4C ). The calculated maximum number of generations increased from 13-15 to 18-20 during the north-south colonization of Ae. albopictus in Florida. The spatial dispersal distance was 45-100 km/year in most cases ( Figure 4D ). The normal Q-Q Plot of the spatial dispersal of the n th sampled colonization case values show that spatial dispersal of the n th sampled colonization case values is close to normal distribution spatial dispersal of the n th sampled colonization case values ( Figure 4E ).
Italy
In contrast to Florida, the colonization in the Apennine Peninsula was multifocal and only the major trend had a north to south profile ( Figure 5 ). The colonization speed reached its maximum in [2001] [2002] [2003] (Figure 5B ), but the species had not colonized all of the Italian provinces until the end of the study period ( Figure 5C ). In most of the cases, the spatial dispersal was 45-100 km/year ( Figure 5D ). The normal Q-Q plot of the spatial dispersal of the n th sampled colonization case values shows a distribution close to a normal distribution spatial dispersal at the low end and exhibits dissimilar tail behavior at the high end of the distribution ( Figure 5E ). The mean dispersal was 3.6 to 4.6 km/ year.
The average total and passive dispersal distances
Based on the known maximum active dispersal of female Asian tiger mosquitoes (500-800 m), their average total dispersal distance was 3.6-4.6 km/year/generation in Italy and 4.6-5.3 km/ year/generation in Florida, while the average passive dispersal distances of the mosquito were 2.8-4.1 km/year/generation in in Italy and 3.8-4.8 km/year/generation in Florida. 
DISCUSSION
This study was based on a partly temperature-dependent generation number-based concept of the dispersal estimation of the Asian tiger mosquito. A central problem of each model to estimate the dispersal distance of the container-breeder was that models were based on the climate suitability of the species (Fischer et al. 2014 , 2011 , Trájer et al. 2014 , Rochlin et al. 2013 , Caminade et al. 2012 ) that predicted the potential recent and future distributions of the mosquito. Release and recapture studies highlight another side of the issue, providing experimental data about the active dispersal of the individual mosquitoes. It is difficult to estimate the passive factor.
Another problem encountered when modeling dispersal is that localized expansions and long-distance movements can both explain the observed spread of the mosquito. Although we clearly separated the localized expansions from the long-distance movements in our modeling, it must be recognized that this assumption can only be statistically true but not applicable to individual cases. The spatial dimension also can limit the usage of our model. Because Ae. albopictus can also "jump" over large distances, even migrating from continent to continent due to anthropogenic transport, or from a country to a non-neighboring country, our approach can be valid only when evaluating county/ state or regional level invasions.
Our model was based on the well-known fact that the length of the developmental stages of arthropods is a function of the ambient temperature (Rueda et al. 1990 , Bayoh and Lindsay 2003 , 2004 , Teng and Apperson 2000 . Females of Ae. albopictus lay eggs on the edge of relatively small, warm water sources and not directly on water. The life cycle of Ae. albopictus includes three water-dependent stages and one aerial stage (Tran et al. 2013 ). The first three stages of mosquitoes are aquatic and their lengths also depend primarily on the species and on the ambient water temperature. Monthly mean temperatures were used in the study because the characteristic habitats of Ae. albopictus in the human environment are mainly different standing waters (Lounibos et al. 2002) , water-storage containers (O'Meara et al. 1995) , plastic tubes and boxes (Gratz 2004, Alto and Juliano 2001a) . Since the Asian tiger mosquito originally adapted to the climate of warm temperate and subtropical areas, ambient temperature strongly influences its population dynamics (Alto and Juliano 2001a) . The temperature-based population dynamics model of Alto and Juliano (2001a) indicated that Ae. albopictus can expand in regions with high summer temperatures where the fast development of the individuals allows high rates of population growth and fast progress to maturity. This model can approximate the dynamics of the population but cannot provide appropriate information about the speed of the linear expansion.
Due to the fact that arthropods are temperature sensitive, climate zonation maps were used in the climate classification of wider areas. This approach was previously used by Trájer et al. (2017) for estimating the potential generation number of the mosquito for Croatia, Hungary, and Slovenia. It was also assumed that due to the notable north to south geographical extension in the Florida and the Apennine peninsulas, the climate-based annual generation numbers of the mosquito cannot be described according to the monthly mean temperature values of one averaged climate zone. The employed method paralleled the basic idea of the generic model of Cailly et al. (2012) , who modelled all steps of the mosquito life cycle. Precipitation was not included in the model because it was proposed that precipitation determines the annual abundance of the mosquitoes rather than the annual number of generations. The effect of precipitation on mosquito populations is controversial since either drought or unusually high amounts of precipitation can induce the outbreak of mosquito populations depending on timing, climate, and mosquito species (Alto and Juliano 2001b , Chase and Knight 2003 , Vandyk and Rowley 1995 .
Though neither Calado and Silva (2002) nor Delatte et al. (2009) experimented with Asian tiger mosquito populations from Florida or Italy, for the lack of other studies we used the equations provided by these authors. The similar outcomes of their studies suggest that the individuals of different introduced populations of Asian tiger mosquitoes inherited similar temperature requirements from their common Asian ancestors. On this basis, it was decided that results of the above-mentioned authors should be involved into the study. Since the minimal temperature-based developmental threshold of Ae. albopictus is 10.4° C (Delatte et al. 2009 ), the number of the generations at less than 10° C are only theoretical and were neglected in the model.
The phenology of the colonization showed that the time of the introduction coincides with the first observations in Florida. It is highly plausible that the real introduction of the Asian tiger mosquito preceded the first observations by about seven to eight years in Italy. This finding indicates that the phenological analysis of the dispersal can provide a more exact determination of the start of the colonization than the entomological observations themselves. Another potential limitation of mosquito surveillance was that surveillance programs were not equal in the different municipalities. In Italy, the expansion was slower than in Florida and by the end year of the studied period of 2006, the mosquito colonized only part of the Apennine Peninsula, while in Florida the mosquito colonized the entire area of the state. In Florida, the north to south direction of the dispersal shows the continuous expansion of the mosquito.
The observed difference between the speed of the areal expansion of the Asian tiger mosquito in Florida and in Italy can be explained by the different annual generation numbers due to the cooler climate and the different topography of Italy. While the terrain of Florida is substantially a lowland, the Apennine Peninsula is bordered by the Alps from the north and the Apennine Mountains divide the eastern and western coastal lowlands of the area. The dry summer of the Apennine Peninsula and Sicily could also slow down the expansion of Ae. albopictus. We found that the total, linear dispersal distance of the Asian tiger mosquito was 3.6-5.3 km/generation. This calculated passive dispersal is at least five to six times higher than the maximum flying dispersal as the active dispersal of the Asian tiger mosquito according to the release-recapture studies of the current literature (Honório et al. 2003: 800 m, Niebylski and Craig 1994: 525 m) . Extracting the active dispersal component from the total dispersal distance per generation, surprisingly similar passive dispersal values (range: 2.8-4.8 km/generation) were found in the case of Florida and the Apennine peninsulas despite the different climate and topography of the areas.
We conclude that release and recapture studies can provide valuable information about the active dispersal distance of a species but are insufficient to predict the total dispersal distance and the real colonization capacity of Ae. albopictus. Another outcome of this study is that climate can substantially influence the dispersal distance, and the potential number of generations may play a key role in the areal dispersal. It was found that passive dispersal distance of Ae. albopictus can be surprisingly similar, as was found in Italy and Florida. On a large spatial scale, the passive component can be well-estimated and parameterized. The investigation of the historical dispersal of Ae. albopictus can help health authorities tackle the problems caused by the mosquito as neither the technical background of transportation of goods nor the biology of the mosquito has changed significantly in the last thirty years.
